The ERM proteins (ezrin, radixin, and moesin) are a group of band 4.1-related proteins that are proposed to function as membrane/cytoskeletal linkers. Previous biochemical studies have implicated RhoA in regulating the association of ERM proteins with their membrane targets. However, the specific effect and mechanism of action of this regulation is unclear. We show that lysophosphatidic acid stimulation of serum-starved NIH3T3 cells resulted in relocalization of radixin into apical membrane/actin protrusions, which was blocked by inactivation of Rho by C3 transferase. An activated allele of RhoA, but not Rac or CDC42Hs, was sufficient to induce apical membrane/actin protrusions and localize radixin or moesin into these structures in both Rat1 and NIH3T3 cells. Lysophosphatidic acid treatment led to phosphorylation of radixin preceding its redistribution into apical protrusions. Significantly, cotransfection of RhoAV14 or C3 transferase with radixin and moesin revealed that RhoA activity is necessary and sufficient for their phosphorylation. These findings reveal a novel function of RhoA in reorganizing the apical actin cytoskeleton and suggest that this function may be mediated through phosphorylation of ERM proteins.
INTRODUCTION
Ezrin, radixin, and moesin (the ERM proteins) are three closely related proteins in the band 4.1 superfamily, members of which are known to serve as membrane-cytoskeletal linkers . The ERM proteins are found in dynamic plasma membrane/actin interfaces such as ruffling membranes, cleavage furrows, and microvilli; ezrin is a component of microvilli in a number of polarized epithelia (Bretscher, 1983; Hanzel et al., 1991; Berryman et al., 1993; Franck et al., 1993; Winckler et al., 1994; Amieva and Furthmayr, 1995) . Furthermore, antisense experiments have demonstrated that these proteins are critical for the formation of surface microvilli in a lymphoma cell line as well as maintenance of cell-cell and cell-substratum adhesion in certain epithelial cells (Takeuchi et al., 1994) . Expression of a dominant negative allele of ezrin has also been shown to cause loss of microvilli in polarized epithelial cells (Crepaldi et al., 1997) . It was recently reported that ezrin is involved in the reorganization of ICAM-2 into uropods in lymphoblastoma cells, sensitizing them to natural killer cells (Helander et al., 1996) . This again suggests that the ERM proteins may help to reorganize both the cytoskeleton and membrane proteins to promote cell-cell adhesion. These proteins are also closely related to the product of the neurofibromatosis type 2 (NF2) tumor suppressor gene merlin, which is mutated in certain cancer tumor types (Rouleau et al., 1993; Trofatter et al., 1993) .
Several studies suggest that the ERM proteins have a bipartite structure analogous to that proposed for band 4.1, composed of an amino-terminal domain re-sponsible for binding to integral membrane targets [including the hyaluronic acid receptor CD44 ] and a carboxyl domain that binds to the actin cytoskeleton (Turunen et al., 1994; Pestonjamasp et al., 1995) . Studies performed in vitro and in vivo indicate that in resting cells the ERM proteins may exist in a head-to-tail, intramolecular association that masks both the membrane-and actin-binding sites (Berryman et al., 1995; Gary and Brestcher, 1995; . Because all three ERM proteins have been shown to be phosphorylated and relocalized to dynamic actin structures in a variety of cell types in response to growth factors (Bretscher, 1989; Urishidani et al., 1989; Fazioli et al., 1993; Nakamura et al., 1995) , it has been proposed that phosphorylation may regulate these proteins through disruption of this intramolecular association; however, this has not been demonstrated experimentally.
RhoA is a member of the ras-like GTPase superfamily and has been shown to regulate the actin cytoskeleton and mitogenic signaling in response to extracellular signals (Machesky and Hall, 1996) . RhoA has been tied to many cellular functions, including regulation of cell motility (Takaishi et al., 1993; Ridley et al., 1995) , polarity (Strutt et al., 1997) , cytokinesis (Kishi et al., 1993) , and cell-cell (Tominaga et al., 1993) and cell-substratum adhesion (Laudanna et al., 1996) . Of note, the ERM proteins and RhoA have been shown to colocalize, and moesin coimmunoprecipitates with RhoGDI, a regulator of Rho (Takaishi et al., 1995; Hirao et al., 1996) . RhoA was also shown to regulate the association of ERM proteins with one potential integral membrane target, CD44 (Hirao et al., 1996) . Here, we have analyzed the relationship between RhoA and the ERM proteins and describe a novel morphogenetic activity of RhoA in fibroblasts: the formation of apical membrane/actin protrusions. The ERM proteins appear to be critical components of these structures. Further, we report that stimulation of RhoA activity results in phosphorylation of the ERM proteins, which correlates with the formation of these structures.
MATERIALS AND METHODS

Cell Lines and Transfection
NIH3T3 cells were obtained from American Type Culture Collection (Rockville, MD). R12 cells were a generous gift of M. Symons (Onyx Pharmaceuticals, Richmond, CA). R12 cells are a subclone of Rat1 cells stably expressing the tTA tetracycline-repressible transactivator (Resnitzky et al., 1994) . All experiments were performed in the absence of tetracycline. For some indicated experiments, two previously characterized NIH3T3 cell lines stably expressing fulllength radixin with the hemagglutinin (HA) epitope tag at their carboxyl terminus were utilized . Lysophosphatidic acid (1-oleoyl) was purchased from Avanti Polar Lipids (Alabaster, AL) and prepared in phosphate-buffered saline (PBS) with 0.6 mM CaCl 2 , 0.5 mM MgCl 2 , 1% bovine serum albumin (BSA) (essentially fatty acid free, Sigma, St. Louis, MO) as described by van Corven et al. (1989) . All cells were transfected by modified calcium phosphate with glycerol shock as previously described . For indirect immunofluorescence analysis, exponentially growing NIH3T3 cells or R12 cells were seeded at 1-2 ϫ 10 5 cells onto ethanol-sterilized glass coverslips in a six-well dish and the next day were transfected with 5 g total DNA per well. For these experiments, 2.5 g of each GTPase or empty pcDNA3 were cotransfected with 2.5 g of each ERM or merlin expression construct. For immunoprecipitation experiments, exponentially growing cells were plated at 1-2 ϫ 10 6 in a 100-mm dish and then transfected the next day with 20 g total DNA. For these experiments, 15 g of RhoAV14, C3, or empty expression plasmid were cotransfected with 5 g of moesin or radixin expression plasmids. Transfected cells were placed in DMEM supplemented with 10% fetal calf serum (Hyclone, Logan, UT), for R12 cells, or DMEM supplemented with 10% calf serum (for NIH3T3 cells), for 16 h and then rinsed in DMEM and placed in DMEM (0% serum) for 8 -12 additional hours. For lysophosphatidic acid (LPA) treatment, cells were starved as described by Buhl et al. (1995) ; cells were starved 20 -24 h in DMEM supplemented with 0.1% fetal bovine serum and then rinsed with DMEM and placed in DMEM alone (0% serum) for 16 h.
Expression Constructs
GTPase constructs (RhoAV14, RhoAN19, Rac1V12, CDC42V12) were cloned into the pcDNA3 mammalian expression vector and were obtained from Lisa Stowers and John Chant (Harvard University, Cambridge, MA). Each of the GTPases carried the myc epitope tag at their amino terminus. Expression plasmids encoding C3 transferase (EFC3) and empty vector (EFplink) were obtained from R. Triesmann (Imperial Cancer Research Fund, London). Full-length radixin and RADC mutant driven by ␤-actin or tetracycline-repressible promoter were previously described . Fulllength merlin and moesin were generated by reverse-transcriptasepolymerase chain reaction utilizing RNA from murine fetal brain and murine adult lung, respectively. Primer sequences for mouse merlin were 5Ј-GCCGTCGACGCCGGAGCCATCGCTTCTCG-3Ј and the reverse primer 5Ј-GCCGTCGACGAGTTCTTCAAAGAAG-GC-3Ј. Primer sequences for mouse moesin were 5Ј-GGCCGTCG-ACCCCAAAACGATCAGTGTGCG-3Ј and the reverse primer 5Ј-G-GCCGTCGACCATGGACTCAAACTCATCAATGCG-3Ј. Reverse transcriptase-polymerase chain reaction fragments were digested with Sal and directed cloned into pcDNA3 carrying an HA epitope tag directly following the Sal cloning site and ATG directly preceding it, such that the final construct expressed each with the HA tag at their carboxyl terminus. appropriate secondary antibody diluted in PBS containing 1% BSA: fluorescein isothiocyanate (FITC) or rhodamine-conjugated goat anti-mouse for 12CA5, or FITC goat anti-rat for IM7. In some experiments, during secondary antibody incubation, cells were stained with rhodamine-conjugated phalloidin (Molecular Probes, Eugene, OR) and/or 4,6-diamidino-2-phenylindole (Sigma) to reveal F-actin and DNA, respectively. For 12CA5 and 9E10 double labeling experiments, 9E10 and rhodamine-goat anti-mouse incubations were performed as above; then, after secondary washes, cells were fixed in 2% paraformaldehyde, washed three times in PBS, and then incubated with biotinylated 12CA5 diluted in PBS containing 1% BSA as above, washed, and finally incubated with FITC-streptavidin diluted in PBS containing 1% BSA. Coverslips were mounted onto glass slides using Mowiol mounting medium (Hoescht Celanese, Charlotte, NC) containing the antifade agent 1,4 diaza-bicyclo[2,2,2] octane (Aldrich, Milwaukee, WI) at 15 mg/ml. Cells were examined by conventional microscopy on an Axioplan microscope (Carl Zeiss, Thornwood, NY) using 63 ϫ 1.4 N.A. and 100 ϫ 1.3 N.A. objectives. For confocal microscopy, cells were examined with a MRC600 scanning laser confocal microscope (Bio-Rad Laboratories, Richmond, CA). Images were recorded on Tri-X-Pan400 film or Ektachrome Elite400 film (Eastman Kodak, Rochester, NY).
Scanning Electron Microscopy (SEM)
SEM was performed on transfected RhoAV14, CDC42V12, and pcDNA3 vector control NIH3T3 cells. Transfections were performed as above using 2.5 g RhoAV14 or CDC42V12 and 2.5 g pcDNA3 or 5 g pcDNA3. Three independent transfections were examined by SEM with more than 200 cells examined per transfection. Coverslips from the same transfections were processed for anti-myc immunofluorescence to gauge the transfection efficiency per sample. The percentage of cells demonstrating the phenotype as shown in Figure 5 for RhoV14 or CDc42V12 was nearly identical to the percentage shown to be transfected by these GTPases by anti-myc indirect immunofluorescence on parallel coverslips. Moreover, the exact same phenotype of hundreds of apical projections was observed in nearly all cells of an NIH3T3 cell line stably expressing RhoAV14 and never in the parental NIH3T3 cell line. Cells plated as described above were fixed in 2% gluteraldehyde (EM grade, Sigma) in PBS for 15 min at 0°C, washed three times in PBS, incubated in 1% OsO 4 at 0°C for 30 min, washed three times in PBS, and then dehydrated in a graded series of ethanol and dried in a critical point drier after substitution with liquid CO 2 . Dried samples were coated with approximately 200 Å gold/paladium using a gold sputter coater (Technics, Alexandria, VA) and were examined under a scanning electron microscope (Amray, Bedford, MA).
Immunoprecipitation and Immunoblotting
For LPA treatment, parallel sets of NIH3T3 cells stably expressing HA-radixin were starved as above until the last incubation in DMEM alone. After 10 h in DMEM alone, cells were washed in DMEM without methionine and cysteine or DMEM without phosphate and then placed in these media for 40 min, at which time 500 Ci [ 35 S]methionine, cysteine (New England Nuclear, Boston, MA) or 1 mCi ]
32 P]orthophosphate (NEN) was added, respectively, and incubated for an additional 5 h. Cells were then treated with vehicle or LPA for indicated times. Treated cells were washed with PBS and lysed in 1 ml of RIPA-PIP buffer (50 mM Tris, pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate, 10% glycerol, 2 mM EDTA, 150 mM NaCl, 0.5% SDS) with protease and kinase/phosphatase inhibitors 50 mM NaF, 1 mM NaOVO 4 , 50 m phenylarsine oxide, 20 mM NaMoO 4 , 1 m staurosporine, 100 nM calyculin A. Lysates were rocked at 4°C for 15 min, scraped with a rubber policeman, and microcentrifuged at 14,000 ϫ g for 15 min. An aliquot of the supernatant was then trichloroacetic acid precipitated to equilibrate incorporated counts. Equilibrated supernatants were precleared with normal rabbit serum and 50% protein A-Sepharose beads (Pierce Chemical, Rockford, IL) for 1 h. After preclearing, each lysate were incubated with 1 g 12CA5 (preincubated for 2 h with 50% protein A-Sepharose). After 3 h incubation with 12CA5/protein A-Sepharose, immunocomplexes were pelleted at 1000 ϫ g and washed three times in RIPA-PIP buffer without inhibitors. Sample buffer (5ϫ) was added, and samples were incubated at 100°C for 5 min. Samples were resolved on 7% SDS-PAGE gels and visualized by autoradiography (after fixation and fluorometric enhancement of the 35 S gel). For Rho/C3 transfection experiments, 16 h posttransfection, cells were washed in DMEM without phosphate and incubated with DMEM without phosphate for 40 min after which 1 mCi [ 32 P]orthophosphate was added to each plate as above and incubated at 37°C for 8 h. Cells were then lysed and immunoprecipitated as above. After resolving on a 7% SDS-PAGE gel, immunoprecipitates were transferred to polyvinyl diflouride membranes (PVDF) as previously described (McClatchey et al., 1997) . After Western transfer, the PVDF blot was wrapped in saran wrap, and autoradiography was used to visualize the 32 P signal. After a sufficient exposure (2 d in Figure 8 ), the blot was equilibrated in TBS-T (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Tween 20) and immunoblotted with 12CA5, followed by a horseradish peroxidase-conjugated goat anti-mouse secondary antibody, and the signal was visualized by enhanced chemiluminescence, as previously described .
Detergent Extraction Analysis
Parallel plates of NIH3T3 cells were transfected with 15 g of either pcDNA3 or RhoAV14, along with 5 g of HA-moesin as described above. At 16 h posttransfection, one set of plated cells was washed in DMEM without phosphate and incubated with DMEM without phosphate for 40 min, and 1 mCi [ 32 P]orthophosphate was added to each plate as described above and incubated at 37°C for 8 h. The other set of cells was washed in DMEM without cysteine or methionine and incubated with DMEM without cysteine or methionine for 40 min, and 0.5 mCi [
35 S]methionine-cysteine mix was added to each plate and incubated at 37°C for 8 h. To obtain the detergentsoluble and -insoluble fractions, cells were rinsed once in PBS, and then incubated in 1 ml of Triton X-100 lysis buffer (80 mM piperazine-N,N-bis[ethanesulfonic acid], pH 6.4, 5 mM EGTA, 1 mM MgCl 2 , 0.5% Triton X-100) with protease and kinase/phosphatase inhibitors (see above) for 40 s. Solubilized material was collected as the detergent-soluble fraction. The material remaining on the tissue culture dish was incubated in RIPA-PIP buffer as described above and designated the detergent insoluble fraction. Samples were then immunoprecipitated with 12CA5 antibody (see above).
RESULTS
LPA-induced Relocalization of Radixin Is Blocked by C3 Transferase
LPA induces the formation of focal adhesions and stress fibers in quiescent Swiss3T3 fibroblasts in a manner dependent on RhoA activity (Ridley and Hall, 1992) . To investigate the role of Rho in the regulation of ERM proteins, we examined the effect of LPA treatment on radixin localization, utilizing NIH3T3 cells stably expressing full-length radixin, epitope-tagged at its carboxyl terminus . Serum deprivation of these cells resulted in decreased radixin immunostaining and diffuse localization with a reduction (although not total disappearance) of actin stress fibers ( Figure 1A , panels a and b). Within 3-5 min after LPA treatment, radixin was redistributed into short apical membrane protrusions grossly similar to mi- 
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Molecular Biology of the Cellcrovilli and to peripheral actin protrusions as well ( Figure 1A , panels c-h). This result was confirmed using a polyclonal antibody that recognizes all three ERM proteins endogenously in NIH3T3 cells ( Figure  1B , a and c). These apical structures also contained F-actin as visualized by rhodamine phalloidin (see arrows in Figure 1A , panels e-h; Figure 1B , panels c and d).
Given that RhoA is a major mediator of LPA-induced actin rearrangement (Ridley and Hall, 1992; Jalink et al., 1994; Chrzanowska-Wodnicka and Burridge, 1996; Kozma et al., 1997) , we examined whether inactivation of RhoA by C3 transferase might inhibit the LPA-induced radixin relocalization. C3 transferase catalyzes the ADP ribosylation of RhoA on asparagine 41, which is thought to cause its functional inactivation (Aktories et al., 1989; Sekine et al., 1989) . To introduce C3 into the radixin-expressing cell lines, we transiently cotransfected expression plasmids carrying the C3 cDNA and a lacZ cDNA, or the lacZ plasmid with an empty vector into NIH3T3 cells stably expressing HA-radixin. The cells were then serum starved and treated with LPA. Double immunostaining for ␤-gal and radixin demonstrated that the presence of C3 significantly reduced the localization of radixin in apical structures after LPA treatment; only 15% of the . HA-radixin localization (using the 12CA5 mAb against the HA epitope) is shown in panels a, c, e, and g, and F-actin localization (using rhodamine phalloidin) is shown in b, d, f, and h. Starting 3-5 min after LPA treatment, radixin was relocalized into peripheral and apical membrane protrusions that also contain actin. These results were observed in three independent stable cell lines. Arrows denote colocalization of HA-radixin and actin in LPA-induced membrane protrusions. (B) NIH3T3 cells were serum starved and then treated with vehicle (a and b) or LPA for 15 min (c and d) and visualized for endogenous ERM proteins (a and c) using the CR22 polyclonal antibody or F-actin using rhodamine phalloidin (b and d). Arrows indicate the colocalization of ERM proteins and actin in membrane protrusions. Similar results were observed when a radixin-specific antibody was used as well. These results demonstrate that endogenous ERM proteins are similarly relocalized after LPA treatment as the exogenous epitope-tagged form of radixin. Bar, 10 m.
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Vol. 9, February 1998C3-transfected cells showed the relocalization compared with 66% in the lacZ-only control (Figure 2 ). It should be noted, however, that prolonged C3 treatment leads to cell rounding and loss of adhesion in fibroblasts (Paterson et al., 1990) , raising the possibility that the inhibition of radixin relocalization could be a secondary consequence of other changes in cell shape or adhesion. 4,6-Diamidino-2-phenylindole staining of DNA was performed in all these experiments, and examination of the C3-expressing cells revealed that their nuclei are morphologically intact, in contrast to those treated with many other stimuli that induce apoptosis, suggesting that the inhibition of radixin relocalization is not simply a consequence of C3 inducing apoptosis.
RhoA Is Sufficient to Relocalize ERM Proteins to Apical Membrane/Actin Protrusions
Given that C3 treatment reduced LPA-induced relocalization of radixin, we next addressed whether activated RhoA might be sufficient for radixin relocalization. Expression plasmids encoding myc epitopetagged activated (RhoAV14) or dominant negative (RhoAN19) alleles of RhoA were cotransfected with radixin (tagged with the HA epitope) into NIH3T3 cells. The cells were then starved and visualized for RhoA and radixin localization by indirect immunofluorescence using the myc and HA epitope tags, respectively. Radixin alone in serum-starved NIH3T3 cells colocalized with peripheral actin, including a few apical protrusions (Figure 3a) . In cells cotransfected with RhoAV14, radixin was highly concentrated in approximately 100 -200 apical membrane/actin protrusions in Ͼ80% of the transfected cells. These protrusions were morphologically similar to the apical structures induced by LPA treatment (Figure 3 , c and d; see also Figure 5b , described below). All cells displaying the radixin relocalization also contained profuse stress fibers, a hallmark feature of activated Rho in fibroblasts (Figure 6d and our unpublished results). Relocalization of endogenous ERM proteins by transfection of RhoAV14 was also observed (our unpublished results). The localization of radixin to apical protrusions was not observed in cells transfected with the domi- Cotransfection of RhoAV14, but not RhoAN19, RacV12, or CDC42V12, with radixin is sufficient to cause relocalization to apical membrane/actin protrusions in NIH3T3 cells. NIH3T3 cells were transiently transfected with radixin (a and b), radixin and RhoAV14 (c and d), radixin and RhoAN19 (e and f), radixin and RacV12 (g and h), and radixin and CDC42V12 (b). All GTPase constructs were myc epitope tagged. HA-radixin (a, b, c, e, and g) and myc-tagged GTPases (d, f, and h) localizations are shown. Cotransfections followed by immunolocalization were performed in 12 independent experiments. Radixin localization in the presence of activated RhoA was further verified by transfection of radixin into two independent NIH3T3 cell lines stably expressing the RhoAV14 allele. In all experiments, at least 100 transfected cells were examined for each condition, and cells shown are representative of Ͼ 80% of the transfected cell population. In the presence of activated RhoA, but not dominant negative RhoA, activated Rac, or activated CDC42, radixin localized into apical membrane protrusions. ␣-myc and actin staining were used in all experiments to verify functional expression of RhoAV14. Bar, 10 m. (Figure 3 , panels e-f). Importantly, transfection with activated alleles of two other small GTPases in the Rho subfamily, Rac and CDC42, also failed to induce radixin relocalization to apical structures but did alter radixin's subcellular distribution (Figure 3, panels b, g, and h ). Activated CDC42 induced filopodial structures in a large percentage of transfected cells as previously reported (Kozma et al., 1995; Nobes and Hall, 1995) , but these projections were larger in length and diameter than the RhoAinduced structures and were always located in the ventral plane of the cell along the substratum, rather than on the apical surface (see Figures 3b and 5c ).
To determine whether the RhoA-induced radixin localization was unique to this protein or was a more general property of the ERM family, we examined the localization of moesin under these conditions. We also tested the effect on the product of the NF2 tumor suppressor gene, merlin, which is a more distantly related member of this family. In addition, we addressed whether this was a unique property of NIH3T3 cells by performing parallel transfections with R12 cells (a Rat1 cell derivative). In both serumstarved NIH3T3 and R12 cells, exogenous moesin and radixin were concentrated in apical actin protrusions when cotransfected with RhoAV14, but not with RhoAN19, RacV12, or CDC42V12, or when transfected without a GTPase (Figure 4) . In all experiments, the localization of moesin or radixin was indistinguishable. In contrast, merlin, which localizes very similarly to radixin and moesin when transfected alone in these cells (compare panels a and g of Figure 4 ), was not present in apical protrusions in the presence of activated RhoA (Figure 4h) , suggesting that the redistribution of ERM proteins in these structures is a specific effect. Interestingly, however, merlin became less clearly plasma membrane-associated in cells expressing RhoAV14. Using antiCD44 staining as a marker for the RhoA-induced apical structures (see below), we confirmed that these were still formed in the merlin plus RhoAV14 cotransfectants (our unpublished results). Additionally, experiments using a HA-tagged murine ezrin confirmed that it behaved as moesin and radixin in these experiments (our unpublished results).
To characterize the RhoA-induced apical structures more completely, and to clarify the difference between the protrusions induced by CDC42 and RhoA, we performed SEM on NIH3T3 cells transfected with RhoAV14, CDC42V12, or empty vector (see MATERI-ALS AND METHODS). As shown in Figure 5 , SEM revealed that serum-starved cells transfected with empty vector only had a smooth apical surface, while the RhoAV14 transfectants were covered with 100 -200 apical membrane protrusions and villus-like blebs. Moreover, the same phenotype, consisting of hundreds of apical projections, was observed in Ͼ75% of all cells of an NIH3T3 cell line stably expressing RhoAV14 (our unpublished results). The number and size of the protrusions in RhoAV14-transfected cells observed by SEM correlated extremely closely with the immunostaining of the ERM proteins in the presence of RhoAV14, suggesting that these proteins are localized in the membrane protrusions visualized by this technique. Furthermore, as suggested by indirect immunofluorescence, the CDC42V12 transfectants showed longer, peripherally localized filopodia, and these cells displayed an absence of apical surface structures (Figure 5c ).
A Carboxyl Domain of Radixin Modulates the RhoA-dependent Apical Protrusions
Given that activated RhoA induced the localization of ERM proteins to apical protrusions and the previous demonstration that ERM proteins are critical for microvilli formation in polarized epithelial and lymphoma cells (Takeuchi et al., 1994; Crepaldi et al., 1997) , we tested whether the ERM proteins may be critical modulators of the membrane protrusions formed in response to Rho activation. We utilized a previously characterized mutant composed of the carboxyl-terminal domain of radixin, denoted RADC, which corresponds roughly to the second half of the protein. This fragment is capable of inducing long apical processes when transfected into HeLa cells and NIH3T3 cells in the presence of full serum . A similar mutant of ezrin induced analogous processes in other cell types (Martin et al., 1995) . This activity of the C-terminal domains was not observed upon transfection of the full-length molecules and was suppressed by the N-terminal domain in trans in some instances, suggesting the protein may normally be found in an inactive intramolecular association Martin et al., 1995) . This model is further supported by several studies in vitro Magendantz et al., 1995) .
First, we investigated whether the RADC polypeptide alone would induce apical membrane protrusions Figure 4 (facing page). Cotransfection with RhoV14 relocalizes moesin, but not merlin, to apical membrane protrusions in R12 cells. Cells were transiently transfected with moesin (a), moesin and RhoAV14 (b and c), moesin and RhoAN19 (d), moesin and RacV12 (e), moesin and CDC42v12 (f), merlin (g), or merlin and RhoAV14 (h). Moesin and merlin were tagged with HA-epitope tag at their C termini. HA-moesin (a-f) or HA-merlin (g and h) immunolocalization using the 12CA5 mAb is shown. Panels b and c represent two different focal planes of the same cell to better illustrate the nature of the apical protrusions. All cells presented here were also shown to be positive for GTPase expression (where applicable) by ␣-myc immunostaining. These transfections were performed seven independent times, and at least 100 transfected cells were examined for each condition. Cells shown are representative of Ͼ90% of the transfected cell population. Bar, 10 m.
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Vol. 9, February 1998 in the absence of serum factors (which activate endogenous Rho and other GTPases) in NIH3T3 or R12 cells. As shown in Figure 6 , a and b, this mutant localized to actin stress fibers in these cells, without causing formation of long apical protrusions. However, upon cotransfection of RhoAV14 with RADC, the formation of long apical protrusions was readily observed (Figure 6, c and d) . This result demonstrates that activated RhoA is sufficient to reproduce the effect of this mutant in full serum, suggesting that activation of endogenous RhoA by serum may be necessary for the previously reported activity of this mutant. Moreover, we observed that the protrusions induced by RhoA in the presence of this radixin mutant appeared distinct from those normally induced by RhoA. Confocal imaging analysis utilizing combined optical sections revealed a decreased number and increased diameter and length of protrusions induced in the presence of RhoAV14 and RADC, as compared with those caused by RhoAV14 and full-length radixin ( Figure 6 , e and f).
To examine whether the longer protrusions caused by RhoA and RADC were formed in addition to those induced by endogenous ERM proteins, we utilized immunostaining for CD44, a protein that we have found to be specifically enriched in the Rho-induced apical structures. CD44 has been proposed to be a integral membrane target for the ERM proteins Hirao et al., 1996) . Cells were cotransfected with lacZ, lacZ, and RhoV14, or lacZ, RhoAV14, and RADC, and processed for double immunofluoresence to detect lacZ and CD44. We observed that the fine layer of CD44-rich apical protrusions induced by RhoAV14 alone was disrupted in the presence of the RADC mutant. Instead, fewer, longer CD44-positive processes were present in these cells (Figure 6 , panels g and h). These data suggest that by introducing a mutant form of radixin, the character of the RhoAinduced apical membrane protrusions can be altered, both in size and quantity.
Rho Is Necessary and Sufficient for Serine/Threonine Phosphorylation of ERM Proteins
To investigate further whether the ERM proteins are downstream targets of RhoA in the formation of the apical membrane protrusions and to elucidate the mechanism by which this regulation might occur, we examined the phosphorylation of radixin in response to LPA treatment. Parallel plates of NIH3T3 cells sta- Figure 7 , LPA led to a rapid and prolonged threefold increase in the level of phosphorylation of radixin within one minute after treatment. The increase in radixin phosphorylation clearly preceded relocalization of radixin in these cells (see above, Figure 1A) , and the level of phosphorylation remained constant between 1 and 15 min after LPA treatment (Figure 7) . There was no increase in the steady-state level of radixin in these experiments, as revealed by 35 S-labeled controls (Figure 7 ). Radixin phosphorylated under these conditions did not react with anti-phosphotyrosine antibodies in Western blots, suggesting that the modification occurred on serine/threonine residues (our unpublished results).
To examine whether RhoA activity was necessary and sufficient for ERM phosphorylation, we cotransfected R12 and NIH3T3 cells with HA-tagged radixin or moesin along with C3, RhoV14, or an empty expression vector. The cells were then serum starved and radiolabeled with [ 32 P]orthophosphate, and the transfected ERM proteins were immunoprecipitated and resolved by SDS-PAGE. To ensure that equivalent levels of HA-radixin or moesin were produced and immunoprecipitated under each condition, immunoprecipitates were transferred to PVDF after SDS-PAGE. After exposure of the 32 P signal, the blots were probed with anti-HA antisera and the signal was detected by chemiluminescence (Figure 8 ). In both cell types, coexpression of C3 transferase reduced the level of phosphorylation of both radixin and moesin by at least 50% below the basal level observed in cells transfected with vector alone; protein levels were not affected (Figure 8 ; our unpublished results). Moreover, cotransfection with RhoAV14 led to strong induction (sevenfold in Rat1 cells; 2.5 fold in NIH3T3 cells) of moesin and radixin phosphorylation, again without affecting protein levels (Figure 8 ; our unpublished results). These results indicate that RhoA activity is necessary and sufficient to induce phosphorylation of the ERM proteins.
As a first step in addressing the functional consequence of this Rho-dependent phosphorylation, we examined the detergent extractibility of phosphorylated and unphosphorylated moesin. Specifically, we compared the Triton X-100 extractibility of moesin metabolically labeled with either [
35 S]methionine or [ 32 P]orthophosphate, in the presence or absence of RhoAV14. As shown in Figure 9 , in sharp contrast to 35 S-labeled moesin, 32 P-labeled moesin was found predominantly in the Triton X-100 insoluble fraction. This result is consistent with the phosphorylated form of the protein having a greater affinity for the cytoskeleton. Furthermore, coexpression of RhoAV14 increased the percentage of total ( 35 S-metabolically labeled) moesin found in the insoluble fraction, which presumably reflects the increase in moesin phosphorylation caused by the activated RhoAV14 allele.
DISCUSSION
Previous studies have demonstrated that RhoA and the ERM proteins colocalize in sites of cell-cell adhesion and in membrane ruffles in epithelial cells (Takaishi et al., 1995) . Furthermore, a detailed biochemical analysis has indicated that in cell lysates, RhoA modulates the affinity of the ERM proteins with a membrane fraction and specifically its association with the integral membrane protein CD44 (Hirao et al., 1996) . However, the mechanism of action or physiological consequence of the connection between RhoA and the ERM proteins has remained unclear. Here, we have more closely examined the relationship between the ERM family of membrane/cytoskeletal linkers and the RhoA GTPase. We found that in NIH3T3 cells, treatment with LPA induced the rapid phosphorylation and subsequent dramatic relocalization of radixin into peripheral and apical membrane protrusions. Notably, LPA-induced relocalization of the ERM proteins was blocked by C3 transferase. Furthermore, we have shown that RhoA activity is both sufficient and necessary for ERM protein phosphorylation. Under these conditions, RhoA activity was also sufficient for the relocalization of radixin and moesin into apical membrane protrusions in two different cell types. These data suggest that growth factors may mediate the localization of the ERM proteins via a RhoA-dependent kinase, such as protein kinase N, Rho-kinase, or PRK2 (Amano et al., 1996; Leung et al., 1996; Watanabe et al., 1996; Amano et al., 1997; Vincent and Settleman, 1997) . One or more of these kinases may serve either alone or in concert with other RhoA-dependent signals to cause ERM proteins to alter their cytoskeletal localization into the microvilli-like protrusions. Furthermore, the fact that a mutant form of radixin was able to alter the number and size of the Rho-dependent protrusions may indicate the ERM proteins are critical components and/or regulators of these structures. Interestingly, we have found that phosphorylation of the related merlin protein is regulated by stimuli known to activate Rho (Shaw et al., submitted) , although the localization of this protein in the presence of activated Rho is clearly distinct from that of the ERM proteins. This difference may be explained by the presence of an actin-binding motif in the ERM proteins that is not well conserved in merlin. The ERM proteins have previously been demonstrated to be essential components of microvillar structures on polarized epithelial as well as lymphocyte cell surfaces (Takeuchi et al., 1994; Crepaldi et al., 1997) , and the concentration of these proteins into microvilli-like structures in a diverse array of cell 
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Molecular Biology of the Celltypes in response to growth factor activation or viral infection is firmly established (Gould et al., 1986; Bretscher, 1989; Pakkanen and Vaheri, 1989; Hanzel et al., 1991; Dransfield et al., 1997) . Our results may implicate RhoA in the growth factor-induced relocalization of ERM proteins into apical structures such as microvilli. In this manner, the ERM proteins may serve as regulatable scaffolding proteins, localizing and perhaps clustering adhesion receptors such as CD44, ICAM-2, and ICAM-3 with signaling enzymes such as protein kinase A and c-yes, which have recently been reported to associate with ERM proteins (Crepaldi et al., 1997; Dransfield et al., 1997) , to important sites of action.
Ezrin is known to be serine/threonine phosphorylated concomitant with its localization into microvilli in response to growth factors in a variety of cell types, including gastric parietal cells where it may participate in histamine-mediated secretion (Urishidani et al., 1989; Hanzel et al., 1991) . Indeed, it has been argued that phosphorylation may serve as the physiological activator to release the intramolecular association of the inactive ERM proteins, allowing them to bind to both their membrane target and actin . Furthermore, there is a strong correlation between ezrin serine/threonine phosphorylation and its association with the cytoskeleton in the kidney epithelium (Chen et al., 1995) . We have demonstrated that phosphorylation of moesin correlates with its association with the Triton X-100 insoluble fraction in vivo, and consistent with this, activated RhoA increases the percentage of total moesin that is detergent insoluble. Therefore, our results provide a connection between a modulator of growth factor signaling (RhoA) and the downstream effects on ERM localization and phosphorylation, again suggesting the two may be functionally linked.
Additional pathways downstream of RhoA may also be involved in the relocalization of ERM proteins. RhoA is known to activate a PI5 kinase activity in fibroblasts leading to increased phosphotidylinositol 4,5-bisphosphate (PIP 2 ) production (Chong et al., 1994; Ren et al., 1996) . It has been recently demonstrated that the ERM proteins have a PIP 2 binding site (Niggli et al., 1995) , and the ability of full-length ERM proteins to interact with CD44 in vitro is dependent on the presence of PIP 2 (Hirao et al., 1996) . It is possible that synergy between PIP 2 binding and RhoA-dependent phosphorylation fully activates the ERM proteins, or perhaps one of the two stimuli serve as a molecular targeting signal for apical protrusions. Indeed, it has recently been shown that pleckstrin can induce membrane protrusions in COS cells, in a manner dependent on its ability to bind PIP 2 via one of its PH domains . Moreover, phosphorylation was demonstrated to regulate the membrane associa- a and b) and localization of actin into profuse stress fibers and long apical processes containing RADC in the presence of RhoAV14 (arrows in c and d). NIH3T3 cells were transfected with RhoAV14 and full-length radixin (e) or RhoAV14 and RADC mutant (f) and then serum-starved and subjected to confocal microscopy analysis. Panels e and f represent combined optical sections of HA-radixin (e) or HA-RADC (f) immunolocalization. NIH3T3 cells were transfected with lacZ and RhoAV14 (g) or lacZ, RhoAV14, and RADC (h) and then serumstarved and subjected to double immunostaining for lacZ and another marker of RhoA-induced apical structures, CD44. CD44 immunolocalization is shown in g and h. LacZ-positive cells (i.e., transfectants) are indicated by arrows. Transfections were performed in four independent experiments. Twenty-five percent of the cells transfected with RADC and RhoAV14 displayed the extremely long apical protrusions as seen in panels c, f, and h, whereas cells transfected with RhoA alone or RhoA plus full-length radixin never showed this phenotype. These results suggest that the presence of a mutant form of radixin can directly alter the size and number of RhoA-induced apical protrusions, but that additional factors (e.g., cell cycle) may control the full expressivity of this phenotype. Bar, 10 m.
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Vol. 9, February 1998tion and protrusion-inducing activity of the PH domain of pleckstrin. Perhaps the ERM proteins are regulated in a similar manner, whereby serine/threonine phosphorylation downstream of Rho activation causes a conformation change unmasking the PIP 2 binding site in the amino terminus. Clearly, the identification of the sites of RhoA-dependent phosphorylation is necessary to further explore these possibilities.
Several studies have indicated that the ERM proteins may be regulated by a head-to-tail intramolecular association, which serves to mask the affinity of both the N-and C-termini from their respective targets . It has been proposed that upon disruption of the intramolecular association, the ERM proteins can form homodimers, heterodimers, and oligomers that may be critical for their role in microvilli formation in the placenta (Berryman et al., 1995) . It would be very interesting to determine whether such oligomeric species were induced in a RhoA-dependent manner in the fibroblasts employed here. In fact, the mechanism by which the carboxyl terminal fragment of radixin alters the size of the Rho-A-induced apical membrane structures may be by altering the lattice of oligomers, which could contribute directly to the size of the protrusions. Interestingly, vinculin, another molecule whose localization is regulated by RhoA, is also thought to be controlled by a similar head-to-tail intramolecular association (Johnson and Craig, 1995; Gilmore and Burridge, 1996) . It has been suggested that a combination of phosphorylation and PIP 2 binding may unmask vinculin from its inactive conformation (Gilmore and Burridge, 1996; Jockusch and Rudinger, 1996) . Indeed, the effects of RhoA on the cytoskeleton may be mediated through a common mechanism of phosphorylation and PIP 2 binding leading to the enhanced activity of a diverse group of cytoskeletal effectors, including pleckstrin, vinculin, and the ERM proteins.
Recently, two reports have further suggested connections between Rho and the ERM proteins. Mackay and colleagues (1997) utilized a biochemical screen for proteins necessary for RhoA-and Rac-induced actin rearrangement and identified the ERM proteins, although the mechanism by which the ERM proteins act in this permeabilized cell system is unclear at present. Conversely, Takai and colleagues have suggested that Rho may lie upstream of ERM proteins in a biochemical pathway, as the amino terminus of the ERM pro- Figure 8 . RhoA activity is necessary and sufficient for phosphorylation of moesin. R12 or NIH3T3 cells were transfected with vector only, HA-moesin only, HA-moesin and RhoAV14, or HA-moesin and C3 transferase, as indicated. Cells were then serum starved and metabolically labeled with [ 32 P]orthophosphate; cell lysates were immunoprecipitated as in Figure 7 . To ensure that equivalent levels of HA-moesin were expressed and immunoprecipitated, immunoprecipitated samples were transferred to PVDF after SDS-PAGE and immunoblotted with 12CA5 antibody; signal was detected by enhanced chemiluminescence. Moesin is indicated by arrowhead at left. The presence of RhoA increased the basal level of moesin phosphorylation by 7-fold in R12 cells and 2.5-fold in NIH3T3 cells, while C3 treatment reduced the basal level of phosphorylation by at least 50% in both cell types (top panel). Protein levels were approximately equivalent in all conditions tested (bottom panel). The data shown are representative of three independent experiments.
Figure 9.
32 P-labeled moesin partitions with the Triton X-100 insoluble fraction. NIH3T3 cells were transfected with HA-moesin only or HA-moesin and RhoAV14 as indicated. Cells were then serum starved and metabolically labeled with [ 32 P]orthophosphate or [
35 S]methionine/cysteine as described in Figure 8 , and then subjected to 0.5% Triton X-100 detergent extraction. Soluble (S) and insoluble (I) fractions were immunoprecipitated with 12CA5 antibody. In contrast to total ( 35 S) moesin, 32 P-labeled moesin was found almost exclusively in the insoluble fraction. Also, coexpression of RhoAV14 increases the percentage of moesin in the insoluble fraction. The data shown are representative of three independent experiments. R.J. Shaw et al. teins have been shown to bind and negatively regulate Rho-GDI, a protein that keeps Rho in its inactive, GDP-bound state (Takahashi et al., 1997) . While the precise nature of ERM modulation of Rho-dependent pathways remains to be determined, our results strongly suggest that the ERM proteins can serve as downstream effectors of RhoA in its modulation of the apical actin cytoskeleton in fibroblasts. Perhaps the ERM proteins also act to localize Rho via RhoGDI to a subset of its potential effectors at these specialized apical membrane cytoskeleton sites.
Taken altogether, these results suggest a novel function of RhoA in the induction of apical membrane/ actin protrusions and introduce the possibility that through RhoA-dependent phosphorylation, the ERM proteins may be critical regulators and components of these structures. The ability of ERM proteins to target specific adhesion molecules to unique cytoskeletal regions such as uropods in T lymphocytes ( Helander et al., 1996; Serrador et al., 1997) or differentiated microvilli in epithelial cells may be similarly induced by a pathway downstream of RhoA or a related GTPase.
